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Abstract  Seismic isolation is effected by providing an 
interface between the foundations of the building and 
superstructure which may consist of stories above the 
ground level by inserting devices. Those are meant to 
reduce the effect of ground motions generated by an 
earthquake or/ and wind load. In this process, the period of 
the whole structure including base isolators is elongated so 
that ground waves containing large energy contents in the 
horizontal components of the earthquake may be deflected 
conveniently. An updated state-of-art review of isolation 
techniques and the design of isolated buildings is presented 
in this paper. The research findings in the comprehensive 
form are extracted out of the large volume of research 
papers published during the last five decades, where only 
some limited quality papers are selected for the preparation 
of this manuscript. The review generally covered papers on 
the analysis and design of structures with base isolation. 
Review is not confined to buildings with friction pendulum 
isolators only, but also includes the study of structural 
response to some other types of base isolators and dampers 
to seismic attacks.  

Keywords  Isolation Techniques, Earthquake, Friction 
Pendulum Isolators, Base Isolated Buildings 

1. Introduction
Considerable research work has been carried out during 

the last five decades in the field of earthquake engineering 
especially base isolation of structures. To mention some 
authors of repute who contributed continuously in the field 
of Earthquake Engineering are Constantinou et al. [12]; Su 
et al. [41]; Zayas et al. [44]; Tsopelas et al. [42]; 
Al-Hussaini et al. [3]; Jangid et al. [23]; Kelly et al. [25]; 
Matsagar et al. [28]; Dolce et al.[14]; Panchal et al. [35]; 
Cardone et al. [10]; Islam et al. [21]; Mazza et al. [ 29] and 
many more. It is desirable to review the important findings 
presented in various research papers which generally 
appear regularly in this field in various journals, workshops, 
and conferences. The objective of these reviews is the 
dissemination of knowledge among academia, scientific 
groups, and engineers who are involved in the design, 
implementation, and development of base isolation 
bearings in different types of structures throughout the 
world. 

Base Isolators 

Earlier designs have focused on increasing the ductility 
of structures to protect them from seismic attacks. Other 
measures would be to reduce stiffness irregularity of the 
building (soft story), plan irregularity and vertical 
irregularity. Reducing lumped masses helps in protective 
design. Also, weak-beam and strong columns ensure that 
the deformation takes place in beams rather than columns 
which safeguard the sudden collapse of building in the 
event of an earthquake. But all these measures have a 
limited scope of protection from earthquakes. The concept 
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of base isolation (BI) has of late caught the attention of 
engineers and scientists. Different types of base isolators 
were proposed. 

Purpose of Base Isolation 
The purpose of base isolation is to thwart the onslaught 

of the earthquake on civil and defense structures. 
Earthquakes and wind loads require the careful seismic 
design of structures. The approach of base isolation is to 
reduce the base shear and accelerations transmitted to 
superstructures due to earthquakes. This is done by 
modifying the period of base-isolated building such that 
large energy content components of horizontal waves 
generated by the earthquake are deflected from the 
structure as shown in Fig.1. 

Types of Isolator Bearings 
It can be seen from Fig.1 that acceleration peaks due to 

earthquakes occur during the period of 0 to 1 second 
(approximately) which is generally the case for 
conventional buildings of low and medium heights. Due to 
the introduction of base isolators in the structures, the 
natural period of buildings is increased so that it falls at 
such values where the acceleration intensity is 
considerably diminished (Fig.1). 

 

Figure 1.  Plots of pseudo-spectral accelerations 

Flat surface Sliding Bearings 

 

Figure 2.  Flat Surface slider bearing 

The Sliding systems are frequently used as base isolators 
in seismically designed buildings. This category consists of 
Flat Surface Sliding systems and Curved Surface Sliding 
systems (also known as Friction Pendulum type base 
isolators). The Flat Sliding bearing system of base isolators 
works on the principle of sliding element (with some 

known value of friction coefficient) which is placed 
between the foundation and the superstructure. Its purpose 
is to reduce the seismic forces and corresponding 
accelerations produced by the earthquake whenever it 
happens. The system under discussion is depicted in Fig.2. 
There is no facility for providing restoring force in this 
isolator as its hysteretic curve has a rectangular shape. To 
introduce the effect of restoring force in this type of base 
isolator, it can be used in combination with LRBs or 
HDRBs Kelly [25]. In this type of bearing PTFT disk is 
placed in a slot in a steel plate where this assembly slides 
against another stainless steel surface. For cushioning 
purposes, a rubber pad is used with the PTFE disk. The flat 
surface slider is cheaper compared to elastomeric base 
isolators Taylor et al. [43]. Flat sliding bearings have been 
in use for a long time in bridges Skinner et al. [6].  

Friction Pendulum Bearings 
The Friction Pendulum (base isolator) Systems (FPS) 

are robust types of equipment (Fig.3) that are used to 
reduce the effect of massive lateral forces on the 
superstructure caused by medium and high-intensity 
earthquakes. Their basic purpose is to increase the 
fundamental period of the superstructure with the help of 
an increased radius of curvature of the FPS base isolator. 
The biggest advantage of FPS bearing is its restoring force 
which is there by virtue of its configuration. The restoring 
force helps in bringing back the shifted position of the 
superstructure close to its original position after the 
earthquake has passed its peak (Fig.4b). In FP systems an 
articulated slider (Fig.3) is allowed to move on a curved 
surface whenever lateral forces due to earthquake exceed 
the predetermined threshold of the base isolator Zayas et al. 
[44]; Al-Hussaini et al. [3]. Ultimately it considerably 
reduces the shear force on the superstructure. The damping 
is achieved during the movement of the articulated slider 
on the polished curved surface and stiffness is provided by 
the FP system is the function of the radius of curvature ‘R’ 
Kelly [25] of the curved surface and total weight (DL + LL) 
of the super structure. Friction pendulum bearings are 
available in “single” (Fig.3), “double” (Fig.7), “triple”, and 
quintuple” type isolators Lee et al. [27]. Hysteresis curve 
and restoring force diagram are given in Fig.4a and 4b 
respectively.  

  

Figure 3.  Cross-sectional view of a single friction pendulum bearing 
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Figure 4.  (a) Hysteretic curve of FPS and (b) Restoring force diagram 

Other prominent seismic isolators are the New Zealand 
bearing system (NZ bearings), Pure Friction (P.F), 
Resilient friction base isolation (R-FBI) system, and 
Electric De France system (EDF).  

2. Brief Review of Research Papers 
Zayas et al. [44] discussed the construction of friction 

pendulum system bearings (FPS) describing in detail its 
features and its various components. The principle of 
operation of FPS and its effects on the superstructure are 
investigated. In this isolator, seismic isolation is obtained 
by shifting the natural period of isolation T (of rigid mass) 
supported on FPS to the pendulum period Ts which is the 
period of a mass sliding on FPs isolators. The isolated 
period becomes active once the frictional force level 
(threshold) of the isolator is exceeded. Zayas et al. [44] 
concluded that in properly designed isolated structures 
seismic loads can be reduced by factors of 8 and greater. 
The elastic response spectrum which shows base shear 
variations concerning elastic structure period is also plotted. 
Zayas et al. [44] also showed that the lateral restoring 
stiffness is a function of vertical load and radius of 
curvature of the isolator. Semi spherical shape of the 
articulated slider is used for maintaining uniform contact 
pressures between the slider and the concave surface for 
any combination of horizontal and vertical forces 
generated due to earthquakes.  

Briseghella et al. [7] discussed in detail various 
important features of friction pendulum base isolators and 
their use in retrofitting of existing buildings. 

Three FPS models for simulation purposes have been 
proposed by authors who can be used for the base isolation 
systems.  
(a) Idealized bilinear model 
(b) Refined non- linear model 

(c) Equivalent linear model of FPS 

(a) Assumptions for idealized bi-linear models are 
i). Normal force W is constant 

ii). Displacement (x) is constant 
iii). Horizontal response is uncoupled in orthogonal 

directions 
iv). Isolator deformations are small and planar. 

Important isolator parameter’s relationships are given in 
equations (1) to (5). 

F(t) = (P/R)𝒙(t) + µP Sgn(𝒙̇)           (3) 

F(t) = 𝑲𝒆𝒇𝒇.𝒙(t) + 𝑪𝒆𝒇𝒇. 𝒙̇(𝒕)          (4) 

Where  𝑲𝒆𝒇𝒇 = P/R + µ P/𝒙           (5) 

𝜷𝒆𝒇𝒇 =  𝟐µ𝑹
𝝅( 𝝁𝑹+𝒙)

                (6) 

And  𝑪𝒆𝒇𝒇 =   𝟐𝒎𝒊𝝎𝒏𝒆𝒇𝒇. 𝜷𝒆𝒇𝒇         (7) 

Where, 𝑚𝑖  is the mass of ith isolator, 𝐾𝑒𝑓𝑓  is the 
effective stiffness at displacement𝑥 , 𝜔𝑛𝑒𝑓𝑓  is effective 
frequency and 𝛽𝑒𝑓𝑓  is the effective damping ratio. 
However, in actual practice friction is not linear but 
depends on relative velocity in a limited range and also 
depends on pressure and temperature. 

Comparing the various FPS models it is found that a 
refined non-linear model is the most accurate model to 
simulate FPS bearing. On the other hand, the equivalent 
linear model is usually employed to make rough 
predictions of the seismic response of the structure. It is 
recommended to keep effective stiffness and displacement 
of the isolator to a minimum value to maintain transmitted 
base shear under the limit.  

Braun et al. [5] discussed briefly the effect of different 
values of coefficient of friction in a curved surface 
pendulum isolator. The assembly and working principle of 
curved surface sliders are shown in Fig.6a and the 
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hysteresis curve pattern for different loads is shown in 
Fig.6b. The focus has been a trade-off between dissipated 
energy due to frictional force and re-centering of the 
superstructure. The problem the authors discussed is that if 
dissipation of energy in friction sliding system is increased 
then this may be attained with higher values of friction 
coefficient but if we take higher values of friction 
coefficient in isolators it poses two serious problems i) 
higher threshold for movement of slider ii) Re-centering of 
the slider will be slow due to higher frictional force and it 
may stop short of the mean position and building is 
somewhat uplifted and slightly tilted. iii) Damping 
increases which increases absolute acceleration in the 
structure. 

The dynamic friction in FPS is responsible for energy 
dissipation which eventually controls the re-centering 
capability of the structure. 

Jangid [22] proposed modelling of base-isolated 
buildings with FP system bearings. He has stated many 
important assumptions in this regard which were 
considered by the designers of next generations in 
seismically protective design. The assumptions have been  
i). For N + 1 story building, the floors of each story of 

super structures are assumed to be rigid. 
ii). Force deformation behavior is assumed to be 

linear. 
iii). Friction of FP system is assumed to be independent 

of relative velocity at sliding surface. 
iv). Restoring force provided by the FP system is 

considered linear. 
v). The structure is excited by a single horizontal 

component and the effect of the vertical component 
is neglected. 

 

 

Figure 6a.  Assembly and working principle of curved surface sliders Braun et al. [5] 

 

Figure 6b.  Hysteresis of curved surface sliders at different loads 
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Figure 7a.  Model of N-story base-isolated building and schematic diagram of the FPS Jangid [22] 

 

Figure 7b.  Time variation of top floor absolute acceleration and bearing displacement of a five-story base-isolated structure under Imperial Valley, 
1979 (Array under imperial valley earthquake motion 1979) Jangid [22]. 
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Model of N-story base-isolated building and schematic 
diagram of the FPS and time variations of top floor 
absolute acceleration and bearing displacement of a 
five-story base-isolated structure under Imperial Valley, 
1979 are shown in Fig.7a and Fig.7b respectively. 

The author analyzed the seismic response of a five-story 
seismically base-isolated building for six recorded 
near-field earthquakes. It was found that there exists a 
certain value of friction coefficient of FPS for which top 
floor acceleration and isolator displacement were found to 
be minimum.  

De Luca and Guidi [13] have discussed the evolution of 
the design and implementation of a base isolation system 
(BIS) since 1984. The authors divided the evolution into 3 
stages, one from 1984-1994, second-generation from 
1995-2004, and third-generation from 2005-2018. The 
evolution of design started from original solutions with low 
design vibrations periods (T) and small displacements (S) 
to the recent ones where ever-increasing parameters are 
targeted. The effort more recently was made to accomplish 
greater displacements in design to accommodate strong 
motions by shifting the period of the superstructure away 
from acceleration plateau (around 4sec).  

Information we receive in this paper regarding 
rubber-based isolators of different shapes is very useful in 
the design of base-isolated buildings and particularly 
bridges. The authors have also discussed the method to 
minimize the number of isolators in a particular design 
whereby increasing the diameter of the device and 
distributing the total load on the reduced no of isolators. 
The beneficial effects of reducing the total number of 
isolators in a building were also verified analytically. 

Patel et al. [36] a fairly long paper took a review of base 
isolation systems for structures. The authors started with a 
brief history of base isolation starting from 1923 up to the 
present day. National level codes are not available for base 
isolation in India. Many advantages can be rightly claimed 
for buildings provided with base isolation. The authors 
Patel and Reddy have in detail discussed various types of 
isolation systems providing their diagrams, mechanism, 
and models along with a comparison of different isolator 
systems. A case study is conducted where the response of 
structures on different types of sands/gravel is considered.  

It has been observed that the sand layer below the base 
of the structure reduces the frequency of the structure. 
When frequencies are reduced, the response of structure 
also reduces towards seismic loads. A considerable amount 
of energy is dissipated through movements and friction of 
the sand layer causing a reduction in acceleration 
transmitted to the structure. 

Su et al. [41] studied the effectiveness of various base 
isolation schemes. The isolation systems which were the 
center of focus are i) laminated rubber bearings with and 
also without lead plug and ii) various frictional base 
isolation systems. However, FPS system model is not 
included here. The seismic loads considered were El – 
Centro 1946 and N90W components of Mexico City 1985 
earthquakes. The different base isolation systems were 
studied under different conditions. The results were 
compared and are shown in Fig.8. A new design method is 
evolved for FPS isolator. It was found that isolators 
significantly reduced acceleration transmitted to the super 
structure. Values of parameters used for various base 
isolators are given in Table 1. 

 

Table 1.  Values of parameters used for various base isolators Su et al. [41] 

Parameters Natural period To (sec) Damping Coeff. Friction Coeff. Friction Coeff. 

Base isolation system     

Pure-friction (P-F) - - - 0.1 

Laminated rubber bearing 
(LRB) 2-0 0.1 - - 

Resilient-friction (R-FBI) 4-0 0.1 0.04 - 

Electricite de France 
(EDF) 1.0 0.1 - 0.2 

New Zealand 2.0 0.1 - - 

Sliding Resilient friction 4.0 0.1 0.04 0.1 
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Figure 8.  Different isolation models from (a) to (f) are shown Su et al. [41] 

It is observed that all the base isolators performed very 
well under the El Centro Earthquake of 1940. The 
acceleration response spectra of the structure are reduced 
(by the use of base isolators) by a factor of 3 to 10 when 
compared to the responses of a fixed-based structure. 
However, the results are different when the magnified El 
Centro earthquake is considered. Only R-FBI and SR-F 
performed slightly well. 

Sorace et al. [40] discussed at length how multiple 
residential buildings constructed on the same basement 
using base isolators can be protected from seismic attacks. 

Double friction pendulums (DFPS) are used in the design 
of this building due to their superior performance 
compared to single Friction pendulum isolation. The 
double friction pendulum has more choices in the same 
volume with two curved surfaces and an articulated double 
friction slider. The choice of two different radii of 
curvature with two different friction coefficients exists in 
the DFPS. Extremely enhanced performance objectives 
were met through the base isolation (FDE) (Frequent 
design Earthquake) – OP (Operational performance), SDE 
(serviceability design earthquake)-OP, BDE (Basic Design 
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Earthquake) - ION (Immediate occupancy nonstructural), 
MCE (maximum considered earthquake) (-ION). 

Multistory buildings with irregular plan shapes are 
designed. The effect of a near-fault earthquake is studied. 
Cost-effective design is achieved by the use of double 
friction pendulum isolators. Friction coefficient increases 
to 2.5% for velocities less than 5mm/sec. The targeted 
objective in this paper was FDE-OP, SDE-OP, BDE-ION, 
and MCE-ION. 

Narjabadifam et al. [32] studied the effect of inherent 
characteristics of both isolator system and superstructure 
on seismic performance for near as well as far-field ground 
motions. Base shear has been obtained for the fixed base as 
well as base-isolated buildings for three earthquakes i) 
Duzce, ii) Imperial valley, and (iii) North Ridge. It was 
observed that there has been a vast difference in the 
magnitude of shear force transmitted to the superstructure 
for the fixed base and base-isolated system. In 
base-isolated building base shear is found to be reduced by 
at least a factor of 3. 
i). The structure with a large mass has reduced energy 

input through aseismic base isolation systems. 
ii). The story displacement, as well as story 

acceleration, are least affected by large mass 
structures. 

iii). In general the base isolation performance is fairly 
good for stiffer superstructures. 

Chun and Hur [11] in their landmark paper studied the 
isolation effect for 15 stories reinforced concrete (RC) 
building concerning beam-column stiffness ratio and 
difference in isolation period between the superstructure 
and an isolation layer. The study emphasizes that the 
isolation period should be 2.5 times more than the vibration 
period of the superstructure it was observed that the 
inter-story drift was reduced by about one-third that of 
non-isolated structure. 

To obtain proper isolation for a proposed 15 story 
building the isolation period should be increased by 2.5 
times of the fundamental time period of fixed-based 
building. Inter story drift and top story acceleration are also 
reduced due to (FPS) base isolation. 

Jangid and Datta [23] in a comprehensive review of the 
design of base-isolated buildings, Jangid and Datta [23] 
reviewed a treasure of 95 papers from reputed scientists, 
engineers, and mathematicians on base isolation of single, 
double, and multi-story buildings. The review was divided 
into four major sections. In the first part, they briefly 
described primitive techniques used for isolation such as 
the construction of multi-story imperial towers in Japan in 
1936 on a medium soil supported by soft soil such as mud 
and use of sand below the foundation or soft first story in 
multi-story buildings.  

The review paper contains 95 papers and the findings of 
these papers are spread across a large area of research, 
therefore the reader is advised to refer to this paper for the 
important findings on base-isolated systems and their 

implementation to seismically protected buildings. The 
construction details, characteristics, and possible 
applications of different isolator bearings such as 
Laminated Rubber bearings (LRB), NZ- bearings, Pure 
Friction (P-F) bearing system, Resilient Friction Base 
Isolation (R-FBI) system, Electric De France (EDF) 
bearing system, Friction Pendulum System (FPS) bearing 
and High Damping Rubber Bearing (HDRB) systems were 
also discussed 

Abd Hacheem et al. [1] described the implementation of 
friction pendulum bearing (FPS) as an effective base 
isolation system which in addition to providing effective 
decoupling of foundation with super structure during a 
seismic attack also bears re aligning property due to 
restoring force provided by concave surface. Abd 
Hacheem et al. [1] in this paper also analyzed a single 
friction pendulum for various values of friction coefficients 
over isolation characteristics. In another analysis, he has 
also investigated the effect of variation of radius of 
curvature keeping coefficient of friction constant. 

Paper discussed detail various characteristics of FPS. It 
was concluded that base shear decreases with the increase 
of radius of curvature keeping the coefficient of friction 
constant. The effect of an increase in friction coefficient is 
not elaborated over base shear as the intensity of 
earthquake increases the isolator displacement increases. 
For near fault motions the isolators with higher value of 
friction coefficient should be designed. 

Kravchuk et al. [26] presented a practical model of a 
single friction pendulum with four springs attached to four 
corners of the friction pendulum body connecting the 
articulated slider. They used this model to evaluate the 
response of two identical structures, one with base isolation 
and the other with no base isolation on a shaking table. The 
results of the experiment showed a significant decrease in 
lateral acceleration due to forced vibration for 
base-isolated structures. The authors showed that the 
maximum lateral acceleration for base-isolated structure 
during the shake table test was 0.23g compared to 0.53g for 
non-isolated structure. 

Kravchuk calculated the magnitude of damping for each 
structure and it was observed that damping for each 
base-isolated structure was increased to 5 times compared 
with the fixed base structure. The maximum lateral 
acceleration for base-isolated structure during the shake 
table test was observed as 0.23g compared to 0.53g for 
non-isolated structure. 

Dolce et al. [14] dealt in detail the frictional behavior of 
steel–PTFE interfaces in seismic isolators. The present 
manuscript is about experimental investigations on steel–
PTFE interfaces, aimed at estimating the effects of pressure, 
air temperature, state of lubrication and sliding velocity on 
the mechanical behavior of steel–PTFE interfaces. The 
first model is similar to the model proposed by 
Constantinou et al. [12]. In many numerical analyses where 
structures are equipped with steel PTFE sliding isolation, 
systems have been carried out by Mostaghel et al. [29] and 
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Fang et al. [17]. It is assumed that friction remains constant 
during sliding. It is observed that actually friction does not 
remain constant but increases with the speed of the slider 
and also with the pressure on the articulated slider. The 
difference ∇  between 𝜇𝑚𝑎𝑥 and 𝜇𝑚𝑖𝑛 is larger at low 
constant pressures, while air temperature has a negligible 
effect on ∇ with  

𝝁 = 𝒂. 𝑻𝟐 − 𝒃. 𝑻 + 𝑪               (8) 

Where a, b, c ≠ 0  
In the model proposed by Constantinou et al. [12] 

𝝁 =  𝝁𝐦𝐚𝐱−  (𝝁𝒎𝒂𝒙 − 𝝁𝒎𝒊𝒎)𝒆−𝜶𝒗        (9) 

Where v is the velocity of slider and 𝛼 is a constant for 
given pressure and temperature and condition of the 
interface. 

The frictional force  𝐹𝑟 then is given by 

 𝑭𝒓 = µ.W.Z                  (10) 

Where W is normal load and Z is a dimensionless 
hysteretic quantity.  

The sliding friction coefficient is found to be the 
function of peak velocity and contact pressure. The sliding 
friction coefficient increases rapidly with the increase in 
velocity for a certain value beyond that it remains constant. 
The difference between maximum and minimum values of 
the sliding friction coefficient is large at low values of 
contact pressure. Lubrication in steel PTFE reduces the 
frictional resistance by a factor of 5-8. Throughout the 
manuscript, there is no mention that how isolation 
capability is increased using PTFE. 

Panchal et al. [35] discussed the origin of a variable 
friction pendulum bearing. The need arose because simple 
friction pendulum bearing systems were unable to handle 
large pulse-type motions which used to hit the 
superstructures near-fault locations, the response of FPS 
was not appropriate under near-fault ground motion which 
consisted of long-period pulse type of motions. It was duly 
observed that as the friction coefficient of FPS increased 
the acceleration of base-isolated building also increased. 
The same phenomena repeated with the shear force. It is 
obvious that for near-fault earthquakes the isolator 
displacement will be large and so will be the size of the 
isolator. The large size and volume of the isolator will cost 
more and the cost of commissioning will also be high.  

The variable friction pendulum system (VFPS) isolator 
was suggested as a cheap remedy for this problem which 
proved to be very successful. By using variable friction 
pendulum bearing the floor displacement and top floor 
acceleration was conveniently controlled. The friction 

coefficient µ of variable pendulum isolator was given in 
the paper as 

𝝁 = (µ𝟎 + 𝒂𝟏|𝒙𝒃|)𝒆𝒂𝟐𝒙𝒃           (11) 

Where a1 and a2 are constants, µ0 is the initial value of 
the coefficient of friction 𝜇 and 𝑥𝑏 is the displacement of 
the isolator. The initial stiffness of isolator Ki is given as 

  𝑲𝒊 =  𝝁𝒎𝒂𝒙.𝑾
𝒙𝒃𝒎𝒂𝒙

                    (12) 

Where  𝑥𝑏𝑚𝑎𝑥 is given by,   𝒙𝒃𝒎𝒂𝒙 =  𝒂𝟏−µ𝟎𝒂𝟐
𝒂𝟏𝒂𝟐

      (13) 

and the period of VFPS is given by Ti 

𝑻𝒊 = 𝟐𝝅�𝑴
𝑲𝒊

                (14) 

where M is the mass of the superstructure. 
i). With VFPS installed, the displacement of isolator 

and base shear for near-fault ground motions can 
be easily controlled. 

ii). While using VFPS as a base isolator for near-fault 
earthquake vibrations it is observed that there is an 
optimum initial period for which displacement of 
isolator and base shear is the minimum. The 
optimum Ti is found near 1.5 sec. 

iii). If the number of stories of the superstructure is 
increased in a VFPS isolated building then it is 
observed that top floor acceleration is increased.  

iv). Isolator displacement increases with an increase in 
the isolation period. 

v). For cycloidal excursions, the displacement of 
isolator and base shear in VFPS are found to be 
remarkably lower compared to FPS but for both 
isolators top floor acceleration remains almost the 
same.  

Cardone et al. [9] an exhaustive paper discussed the 
problem of re-centering the isolated structure when 
subjected to the earthquake ground motion. This is the 
main problem that has been taken up by only a few 
researchers. In base isolation, restoration of the structure 
after the earthquake has passed is a major concern. In 
friction pendulum systems restoring force is proportional 
to W/R where W is the total weight of the building and R is 
the radius of curvature of the curved surface as shown in 
Fig.9. When the articulated slider does not return to its 
initial position at the end of the earthquake it leaves the 
whole of the superstructure in a slightly tilted and uplifted 
position. This permanent shift may affect the functionality 
of the structure.  
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Figure 9.  Restoring capability of FPS isolators Cardone et al. [9] 

i). The parameter (dmax/drm) affects the recentering 
capability of FPS. Where dmax is defined as the 
maximum displacement of FPS caused by 
earthquake and drm is maximum residual 
displacement. drm is also depicted as 

drm = µslow.R                      (15) 
where µslow is the dynamic friction coefficient of FPS and R 
is the radius of curvature of the curved surface of FPS. 
ii). The re-centering or restoring capability of FPS 

depends on the value of dmax and at the same time, 
it also depends on the characteristics of the 
earthquake. 

iii). If the ratio: 

(dmax/ drm) > 2.5                (16) 

then it implies that residual displacements are negligible 
and re-centering capability of FPS is good. 

iv). The residual displacement in general of FPS can be 
given by  

dres(90th) = 0.18 (dmax .drm)1/2          17) 

where 90th represents the 90th percentile of observed data. 

v). The residual displacement may accumulate due to 
main-shock and after-shocks but it may never be 
greater than drm. 

Kelly [25] a research paper discussed the role of 
damping in seismic isolators. In the event of high-intensity 
ground motions, it is observed that pulse type of ground 
motions is generated at near-fault locations. These types of 
ground motions create large displacements in the 
superstructure. To reduce the effect of large intensity 

ground motions due to near-fault locations of the 
earthquake the technique which has been suggested by 
seismologists is the use of supplementary dampers. These 
dampers are useful as far as reduction of displacement is 
concerned but increasing damping of isolators increases 
inter-story drift and floor accelerations of the 
superstructure. 

Supplementary dampers are used to reduce the effects of 
large intensity ground motions. The reduction in 
displacement is observed due to the implementation of 
dampers but at the same time, top floor acceleration and 
inter-story drift increases in base-isolated structures. 

Felix Weber et al. [16] A landmark paper discussed 
isolation performance and adaptive behavior of triple 
friction Pendulum. The paper investigates the isolation 
performance of the given pendulum bearing as a function 
of peak ground accelerations. It has initially described the 
sliding regimes in five regions of interest to understand the 
function of the triple friction pendulum. Sliding regime I: 
relative motion only occurs on sliding surfaces 2 and 3 with 
equal radii and friction coefficients. Sliding regime II: 
relative motion occurs on surfaces 1, 2, and 3. the resulting 
friction coefficient is  𝜇𝑒𝑞𝑢𝑖𝑣 which can be interpreted as 
an “average” friction coefficient is, therefore, greater 
than 𝜇2 = 𝜇3 but less than 𝜇1. 

�𝑹𝒆𝒇𝒇,𝟏 + 𝑹𝒆𝒇𝒇,𝟐  + 𝑹𝒆𝒇𝒇,𝟑�
−𝟏

          (18) 

and all surfaces 1 to 4 with slope  

  �𝑹𝒆𝒇𝒇,𝟏 + 𝑹𝒆𝒇𝒇,𝟐  + 𝑹𝒆𝒇𝒇,𝟑 + 𝑹𝒆𝒇𝒇,𝟒 �−𝟏    (19) 

𝜇𝑒𝑞𝑢𝑖𝑣  turns out to be significantly smaller than 
𝜇4  because the entire sliding motion is split into 
simultaneous sliding on surfaces 1, 2, and 3 and 
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simultaneous sliding on all surfaces 1 to 4. Therefore 
𝐾𝑒𝑞𝑢𝑖𝑣 lies between  

W/(𝑹𝒆𝒇𝒇,𝟏 +  𝑹𝒆𝒇𝒇,𝟐  + 𝑹𝒆𝒇𝒇,𝟑) and 

W/�𝑹𝒆𝒇𝒇,𝟏 + 𝑹𝒆𝒇𝒇,𝟐  + 𝑹𝒆𝒇𝒇,𝟑 + 𝑹𝒆𝒇𝒇,𝟒 �    (20) 

Sliding regime IV: sliding on surface 1 is stopped by its 
restrainer which evokes a stiffening effect in the 
force-displacement trajectory. Since simultaneous sliding 
on surfaces 1 and 4 dominates the force-displacement 
trajectory of sliding regime IV, 𝜇𝑒𝑞𝑢𝑖𝑣  increases within 
sliding regime IV towards  𝜇4 . Sliding regime V: sliding 
on surfaces 1 and 4 is stopped by their restrainers while 
sliding continuously on sliding surfaces 2 and 3. This 
evokes the stiffening behavior at very small friction. As a 
result, 𝐾𝑒𝑞𝑢𝑖𝑣 increases while 𝜇𝑒𝑞𝑢𝑖𝑣 decreases in sliding 
regime V. 

Shows that the triple friction pendulum: a) performs 
better at small peak ground accelerations due to the low 
friction of the articulated slider assembly that is actuated by 
relative motion in the bearing even at very low shaking 
level, b) generates slightly worse isolation when sliding 
regimes II to IV are activated, and c) evokes a strongly 
deteriorated isolation when sliding regime V is triggered 
due to its increased stiffness and reduced friction properties. 
As compared to the conventional non- adaptive double FP 
with same curvature. 

In this paper, Mazza et al. [30] have studied torsion and 
residual displacement and uplift of the friction pendulum 
(FP) system for base-isolated structures located in 
near-fault areas. The investigation is carried out to examine 
two effects in FP bearing: i) friction variability as a 
function of sliding velocity and ii) frictional force and 
restoring stiffness during sliding with axial load variations. 
Torsional effects and residual displacements were studied 
for unscaled powerful earthquakes.  

Unscaled earthquakes with prominent horizontal 
components produce torsional effects which need to be 
handled in the design. Unscaled earthquakes with 
prominent vertical components are responsible for 
significant residual displacements in FP base-isolated 
structures. It is further noted that with the increase of radius 
of curvature residual displacement decreases. Mean floor 
rotation is found on the top floor of the building. 

Mithranjali et al. [31] have presented the finite element 
modeling of friction pendulum system for (different radii) 
of a multistory building subjected to earthquake force, by 
using V18 software. In this paper, G+12 Story building is 
used as a model. EL Centro earthquake is used for time 
history analysis.  

The results obtained from the analysis showed the 
reduction in base shear, net displacement, and increase in 
the period of the building when the radius of curvature is 
increased. 

Matsagar et al. [28] This paper investigated the 
influence of isolator’s characteristics on the seismic 
response of multistory buildings with base isolation. The 
isolators were modeled using bilinear hysteretic and 

equivalent linear elastic behavior. The above two models 
were discussed in detail in this paper. The seismic response 
of a multi-story base-isolated building is investigated under 
various real earthquake ground motions for bi-linear and 
equivalent linear isolator characteristics. In the analysis, 
Matsagar [28] have applied Newmark’s step-by-step 
method Hilber et al. [19].  

The variations of top floor absolute acceleration and 
bearing displacement were recorded. It was also observed 
that there is a significant difference in top floor 
acceleration between rigid and flexible superstructures 
when Ts = 0 (rigid and when Ts>0). However, bearing 
displacement was not much influenced by the increase in 
superstructure flexibility. The response of the base-isolated 
structure is also fairly influenced by the shape of the 
hysteresis loop of the isolator.  

Dia Eddin et al. [33] presented a paper on seismic base 
isolation in reinforced concrete structures using a 
rubber-based isolator. To verify the effect of the base 
isolation system on concrete structures two different 
structures are analyzed using SAP 2000. The first structure 
which was analyzed in this paper was a five-story regular 
structure. The second structure which was analyzed was an 
irregular RC structure of 5 stories. The HDR (high 
damping rubber) bearings were used for isolation in both 
buildings. Non-linear time history analysis was carried out 
employing SAP software. Time histories were taken from 
El Centro, Loma, and coyote earthquakes. 

There are reductions in base shear in X and Y directions 
as 74.5% and 76.65% for symmetric plan building when 
base-isolated building results are compared with 
fixed-based building shear force results. For 
non-symmetric plan building these values are slightly 
reduced i.e, 72% and 73.17% respectively. The base 
moment in X- and Y directions for the base-isolated 
structure is less than the moment for the fixed base 
condition. The reduction in inter-story drift ratio is 76.67% 
in symmetric plan building as compared to 50% in 
non-symmetric plan building. Top floor acceleration, 
turning over moments, and rotations in floors are not 
evaluated by the authors. 

In a short paper, Rincy [37] discussed the role of viscous 
dampers and friction dampers for the protection of RC 
framed buildings from seismic loads. Pushover analysis is 
used in this paper for analysis. The response of building 
such as story drift, displacement, and period performance 
for the fixed base and the base-isolated building is studied. 
The paper deals with the performance of RC structures 
with rubber pads isolation systems. The G+3 and G+9 
buildings using SAP 2000, in an exhaustive study have 
shown the performance of isolation systems on floor 
accelerations, joint displacements, inter-story drifts, and 
base shear of the building. 

The behavior of the building structure resting on friction 
isolators and rubber bearing was compared with a fixed 
base structure under maximum capable earthquake (MCE). 
The results were satisfactory. 
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Jangid et al. [24] discussed various parameters of 
base-isolated structures situated near-fault locations. Six 
pairs consisting of parallel and normal directions w.r.t fault 
sites were considered and an average response spectrum 
was obtained. The study in this paper showed that these 
motions consisted of significant energy at high frequencies. 
Other components of near-fault motions were long-period 
pulses. The effect of isolation damping was also studied on 
various isolation systems under near-fault motion.  

It was observed that there was a certain value of isolator 
damping for which the building acceleration was found to 
be minimum.  

Bhagat et al. [4] presented a study where base-isolated 
reinforced buildings with various isolation systems under 
near-fault and far fault motions are investigated. The aging 
effect of base isolators was also taken into account. Results 
of the base-isolated building were compared with 
fixed-based counterparts. Base shear coefficient with roof 
drift ratio was plotted for 4-story, 8-story, and 12- story 
buildings.  

The results of the analysis indicated no structural 
damage under DE-level motions for near-fault and far fault 
motions and MCER level near-fault motions. Significant 
reduction of superstructure response of 12 stories 
base-isolated building compared to the fixed base 
condition indicated that base isolation is very successful in 
taller buildings. 

Sharma et al. [39] discussed the stiffness developed in 
the beam and column joints when RC framed structures are 
subjected to actual seismic loads. Effects of lateral seismic 
loading on frames are observed by authors and reported in 
this paper. The horizontal shear, vertical shear, and 
principal tensile stiffness are calculated. Seismic 
retrofitting strategies for RC beam-column joints were also 
studied in detail in the paper. 

It was shown that concrete jacketing was a good option 
to strengthen the frame members. Code recommendations 
such as IS 13935: 1993(2002) were discussed in detail. 
Fiber-reinforced polymers FRP were also used in seismic 
retrofitting of RC structures and their main benefits were: i) 
very high specific strength and ii) high corrosion 
resistance.  

Cardone et al. [10] discussed a very popular scheme 
called displacement-based design using different types of 
isolation systems where we are interested in friction 
pendulum-based design. The main point in the proposed 
method is the target displacement profile for structure. This 
method is suitable where performance-based design is 
intended. This method can discretely give performance 
levels such as IO, LS, CP, and C. 

Also, the proposed design is developed for base isolation 
systems. The different base isolation systems selected were 
a) Friction Pendulum systems (FPS) bearings, b) high 
damping Rubber Bearings (HDRB), c) lead rubber 
bearings (LRB), and various damping and position 
restoring devices. Non-linear time history analysis is 
carried out to assess the accuracy of this technique. 

This is a long paper containing a large number of 
findings regarding direct displacement-based design 
(DDBD) which cannot be included in the body of this 
paper. However, the important finding of this paper is 
shared as follows: Results of DDBD analysis are checked 
by Non-linear time history analysis and are found to be 
conveniently accurate with a rider that some minor 
modifications in DDBD are required. 

Buckle [8] has described various schemes of passive 
control of structures to improve their performance during 
seismic attacks. Passive control systems include seismic 
base isolation systems, tuned mass dampers, and 
mechanical energy dissipaters. These are called passive 
control devices as they do not require any energy source. 
At the end of this paper, the author discussed design aids, 
guidelines, specifications, and Codes. 

The limitations of these passive control devices are  
i). Doubtful behavior regarding their response i.e., 

they are unlikely able to produce the appropriate 
response required to protect the building from 
ground motions emanating from the far-field as 
well as near field faults. 

ii). It may not show the optimal response for large as 
well as small seismic attacks. 

iii). If the earthquake is of considerably large 
magnitude then it is not certain that appropriate 
limit states will be achieved. 

Nguyen et al. [34] proposed a scheme to design a 2D 
model of 5 story Building subjected to earthquakes in 
Vietnam using single friction pendulum isolators. The 
model is analyzed for two cases one for the fixed base and 
the other for an isolated building. Whenever acceleration 
data are chosen then it is immediately using software that 
converts it to new values which suit the local conditions 
and are also acknowledged by the local code provisions. 
The author discussed the design procedure in the paper 
proposing various forces in a single FPS presenting its 
model. They also defined the stiffness of a single FPS and 
its period. A complete 2D model with seismic isolated 
structure with single FPS type isolators is proposed. 

Absolute acceleration for fixed-base buildings increases 
almost linearly from the first floor to the fifth floor while it 
approximately remains constant for FPS base-isolated 5 
story buildings. Inter story drift is almost constant through 
the number of floors for the FPS base-isolated 5 story 
building while it has a large initial value for the fixed-base 
building where it increases initially from the first floor, 
remains constant, and then decreases slightly as it 
approaches the top floor.  

Ikago et al. [20] A conference paper proposed a design 
strategy which deals with the problem of excessive 
displacements in high-rise and seismically isolated 
buildings. 

The authors have observed that to control excessive 
displacements in long period structures subjected to 
long-duration ground motions if some damping devices are 
added to suppress excessive displacements it may increase 
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corresponding shear forces and floor response 
accelerations. To solve this problem rate-independent 
dampers are used. This application reduces displacement in 
a long period of building structures without increasing 
shear forces and floor accelerations. 

Fujii et al. [18] have discussed at length various aspects 
of seismically isolated buildings such as the benefits of 
using base isolation. The authors emphasized the various 
benefits of using base isolation such as reduction of 
acceleration response of floors concerning non-structural 
elements. The authors also explained other benefits such as 
that the most gravity-load-carrying members remain elastic 
and minor damage to non-structural elements is observed. 
Fujii et al. [18] main focus in the paper was to propose a 
procedure to predict the force demand in superstructure 
members of the base-isolated buildings using the pushover 
analysis.  

The method is based on evaluating the contribution of 
the first and higher modes to peak response. Also, the 
base-isolated systems increase the period of the 
superstructure which protects the building from major 
damages. The author’s main focus was to propose a 
procedure to predict the force demand in super structure’s 
members of base-isolated buildings using the pushover 
analysis. The second modal response better predicts the 
maximum floor acceleration and maximum shear forces of 
the vertical members in the superstructure.  

Downey et al. [15] proposed a new Passive Variable 
Friction Pendulum Damper (PVFD) for increasing 
structural resistance to multi-hazard excitations. The 
PVFD as it is called is found to be capable of mitigating 
different hazards from wind and ground motions. In the 
event of wind pressure, device performance is fairly 
satisfactory and in the event of an earthquake, the device 
effectively reduces the building inter-story drift to maintain 
strength-based motion requirements. Other passive control 
devices which have been employed in the protection of the 
buildings from seismic attacks are visco-elastic fluid 
dampers, base-isolation systems, and friction dampers 
including linear and rotational configurations.  

A reduction in absolute acceleration is noticed on all the 
floors of a simulated three-story building. Most benefited 
was the top floor due to the installation of PVFD. With 
respect to inter-story drift first floor observed the 
maximum reduction due to this scheme. The main 
disadvantage of passive devices is that they operate over a 
limited bandwidth and can mitigate the single type of 
excitations. A comparison of different base-isolated 
systems with FD and PVFD installed base-isolated systems 
would have been a good addition to this paper.  

A brief table 2 has been constructed below to compare 
the above work and also find similarities among the 
findings in the tabular form, for the reader to understand 
this work more conveniently. 

Table 2.  Comparison about findings and similarities 

S.no. Paper Authors Year Findings 
Similarities 

(paper 
reference no.) 

1. Muthranjali et 
al. [3] 2021 

They showed that from analysis the reduction in base shear, net displacement 
and increase in the period of the building when the radius of curvature is 
increased using FEM analysis. 

[1] 

2. Abd- Hasheem 
et al. [1] 2021 It was concluded that the base shear decreases with the increase of radius of 

curvature keeping the coefficient of friction constant. [3] 

3. Matsagar et al. 
[28] 2021 The response of the base isolated structure is also fairly influenced by the shape 

of the hysteresis loop of the isolator. [7] 

4. Jangid et al. 
[24] 2021 It was observed that there was a certain value of isolator damping for which the 

building acceleration was found to be minimum. [26] 

5. Nguyen et al. 
[34] 2021 

Absolute acceleration for fixed base building increases almost linearly from the 
first floor to the fifth floor while it is approximately remains constant for FPS 
base isolated 5 story binding. 

 

6. Fuji et al. [18] 2020 
The author’s main focus was to propose a procedure to predict the force demand 
in super-structures member of base isolated buildings using the pushover 
analysis.  

[10] 

7. De Luca et al. 
[13] 2019 

The author has discussed the method to minimize the number of isolators in a 
particular design whereby increasing the diameter of the device and distributing 
the total load on the reduced number of isolators. 

 

8. Narjabadifam et 
al. [32] 2019 FPS isolation reduces the energy input to the superstructure more than as seen in 

HRB for near field and far field ground motions. [9], [5] 

9. Dia-Eddin et al. 
[33] 2019 

They carried out analysis of symmetric and plan irregular building and had 
obtained that the Structure with plan irregularities in the x and y direction have 
less base shear, overturning moment and inter-story drift as compared to the 
symmetric building. 

[40] 

10. Downey et al. 
[15] 2018  

The reduction in absolute acceleration is noticed on all the floors of a simulated 
three story building. Most benefited is the top floor due to the installation of 
PVFD. 
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Table 2. Continued 

11.  Bhagat et al. [4] 2017 
Base isolation significantly improves the superstructure performance 
when compared to a fixed base condition even for a flexible 12 story 
building. 

 

12. Ikago et al. [20] 2017 
The authors have observed that, to control excessive displacements in 
long period structures subjected to long – duration ground motions is 
some damping devices.  

[37] 

13. Felix Weber et al. 
[16] 2017 

Shows that the triple friction pendulum performs better at small peak 
ground accelerations due to the low friction of the articulated slider 
assembly that is actuated by relative motion in the bearing even at very 
low shaking level, As compared to the conventional non- adaptive double 
FP with same curvature. 

 

14. Mazza et al. [30] 
 2016 The unscaled earthquakes with prominent horizontal component produce 

torsional effects which needed to be handled in design.  

15. Cardone et al. [9] 2015 The author has discussed the problem of re-centring the isolated structure. [5] 

16. Chun et al. [11] 2015 
To obtain proper isolation for a high rise building the isolation period 
should be increased by 2.5sec times of the fundamental time period of the 
fixed based building.  

 

17. Sorace et al. [40] 2014 
For multi-storeyed buildings with plan irregularities and with near fault 
ground excitation. The double friction pendulum isolator is proved to be 
cost effective design.  

[33] 

18. Brighella et al. [7] 2013 
 

Comparing the various FPS models, it is found that a refined non-linear 
model is the most accurate model to simulate FPS bearing. [28] 

19. Patel et al. [36] 2013 The author has observed that the sand layer below the base of the 
structure reduces the frequency of the structure.  

20. Rincy [37] 2012 
Structure with isolators and damping devices perform good during 
seismic loading. The isolated structure has reduced story drift and story 
displacement. 

[20] 

21. Sharma et al. [39] 2011 

It was shown that concrete jacketing is a good option to strengthen the 
frame members. Fibre-reinforced polymers FRP were also used in 
seismic retrofitting of RC structures and their main benefits were very 
high specific strength and high corrosion resistance.  

 

22. Braun et al. [5] 2010 The dynamic friction in FPS is responsible for energy dissipation which 
eventually controls the re-centring capability of the structure. [9], [32] 

23. Cardone et al. 
[10] 2010 

In this paper the author has proposed the direct displacement feared 
design (DDBD) method for different five types of isolation system and 
then compared the responses from non-linear time history analysis NTHA 
as force based analysis procedure and obtained that the results are 
satisfactory. 

[18] 

24. Kravchuk et al. 
[26] 2008 

The author calculated the magnitude of damping for each structure and it 
was observed that damping for each base isolated structure was increased 
to 5 times compared with the fixed base structure. 

[24] 

25. Panchal et al. [35] 2008 The author has introduced a new type of FPS isolator known as VFPS.  

26. Jangid [22] 2005 
 

The author analysed the seismic response of a five story seismically base 
isolated building for six recorded near field earthquakes. It was found that 
there exist a certain value of friction coefficient of FPS for which top 
floor acceleration and isolator displacement were found to be minimum. 

 

27. Dolce et al. [14] 2005 In FPS the sliding friction coefficient is found to be the function of peak 
velocity and contact pressure.  

28. Buckle et al. [8] 2000 

The limitations of passive control devices are doubtful behaviour 
regarding their response i.e. they are unlikely able to produce the 
appropriate response required to protect the building from ground 
motions emanating from the fan-field as well as near-field faults. 

 

29. Kelly et al. [25] 1999 The author has used supplementary dampers to reduce the effects of large 
intensity ground motions. [8], [24], [26] 

30. Jangid and Datta 
[23] 1995 

In this paper, possible applications of different isolator bearing such as 
LRB, NZ- bearing, (P-F) bearing system, (R-FBI) system, EDF bearing 
system FPS and HDRB systems were discussed 

[3, 1, 7, 34, 32, 
9, 11, 7, 5, 10, 

35, 14] 

31. Zayas [44] 1990 Showed that the lateral restoring stiffness is a function of vertical load 
and radius of curvature of the isolator. [3], [1] 

32. Su et al. [41] 1989 

The acceleration response spectra of the structure are reduced by the use 
of base isolator by a factor of 3 to 10 when compared to the fixed based 
structure to the isolated structure. The R-FBI and SR-F performed 
slightly well. 

[23] 
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3. Conclusions 
In view of present extensive literature review work for 

seismically isolated structures especially for friction 
pendulum system FPS all the above researchers have 
contributed to the best of their efforts and should be 
acknowledged, but among them three research works 
perhaps seem to be novel so far, they are. 
1. Seismic Behaviour of Base-isolated Buildings Jangid 

and Datta [23] 
2. DDBD method of analysis for isolated structures in 

comparison to NTHA Cardone et al [10]. 
3. Re-centring capabilities of FPS isolation Cardone et 

al [9]. 

4. Scope of Future Work 
i). To investigate performance criteria of foundations 

based on over-turning effect and/or soil-structure 
interaction. 

ii). To evolve less complex methods and less 
time-consuming methods for non-linear dynamic 
analysis concerning available software. 

iii). To find out new more accurate iteration methods 
for implicit time integration. 

iv). To find out seismic isolation techniques that can 
take care of vertical accelerations and vertical 
deformations in the structures more accurately 
during seismic attacks. 

v). To study the aging effects of base isolators on the 
seismic response of different types of structures.  

vi). Without compromising seismic safety, the study is 
needed to bring out new techniques to reduce the 
number of base isolators used in a given building. 

vii). Reliability study of semi-active and active 
dampers used to mitigate seismic hazards. 

viii). Considerable scope on doing research on 
experimental models, as very few or even none 
have conducted experimentation on FPS isolation 
specially for reinforced concrete building frames 
using FPS isolation. 

ix). Compare responses using different isolation 
devices by experimental modelling of reinforced 
concrete building frames is also a future scope in 
this field. 
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